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An appropriate tillage system is needed for conversion of virgin lands or  revegetated 
lands to  croplands to  ensure sustainable crop production. Wc compared the effects of thrcc 
tillage systems (viz. primary tillage with sweep implement (SW), moldboard plough (MB ), 
and no-tillage N T ) )  on grain sorghum (Sorghum bicotor (L.) Moench) yield and some 
soil properties. The land had been used for growing mainly Blue grarna grass (Borrte/orta 
gracilis) and Buffalograss (Buchtoe dactyloides) for over 50 years. A split-plot field exper- 
iment with SW, MB, and N T  as  main plots was conducted on a Pullman clay loam (Tor- 
rertic Paleustolls). Sub-plot treatments were ( a )  increased soil water content at planting 
by adding 1 14 mm of water (PW + ), and (b )  existing soil water content at planting 
(PW- ). Because of the surface mulch, more soil water was stored in the N T  treatment 
than in either the SW or  MB treatments. The increased stored water was also reflected in 
greater grain and stover yields for N T  sorghum. Peak water extracted from soil by crop, as 
estimated from soil water content measurements, occurred during the vegetative stage at 
60 days after emergence (DAE). It was greatest for NT sorghum, followed in order by SW 
and MB. Although grain and stover yields were larger with NT than with SW or MB, grain 
and stover from MB plots contained more nitrogen than those from SW and NT plots. Soil 
organic carbon content at  a depth of 0- 1 5 cm was significantly greater (Pc 0.05 ) under 
NT ( 1.40%) than under SW ( 1.2 1 %) o r  MB ( 1.25%). Ploughing increased soil nitrogen 
mineralization, with the result that NOT -N at a depth of  0-1 5 cm was larger under MB 
than under NT. The NH.+-N content under the three tillage systems was highly variable. 
From a production viewpoint, a no-tillage system is better than MB or  SW for converting 
revegetated land to  cropland in locations where soil water is ,limiting. 
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1. Introduction 
Tillage is one of the major land preparation activities normally used to convert 
natural vegetation (forest, steppe, or grassland) to cropland. In most developing 
countries, large areas of virgin lands or revegetated lands in the fallow phase of 
shifting cultivation are presently being converted to cropland. Since 1985, about 
14.3 million ha of highly erodible croplands have been put into a Conservation 
Reserve Program (CRP) in the USA for 10 years. Contracts in this program cov- 
ering I .9 million ha will expire in 1996. This land, or a portion of it, may be 
converted back to cropland. Because these are potentially highly erodible lands, 
their tillage and cropping systems are very important. Therefore, it is essential 
that appropriate tillage systems be used to convert these revegetated lands to 
croplands in order to ensure sustainable crop production and tolerable levels of 
wind and water erosion. 
The selection of a tillage system for converting natural vegetation to cropland 
in any agroecological region depends, among other things, on soils, climate, nat- 
ural vegetation, crops, and socio-economic factors. In  developing countries, con- 
version to cropland may take the form of felling trees, stumping to remove roots, 
burning, and hoeing, either manually or using draft animals. On the other hand, 
burning is usually omitted in developed countries and machines and implements 
are used for both primary and secondary tillage operations. Where no-tillage is 
practised, herbicides are used to control weeds and sowing is done by cutting 
small slits or punching holes in the soil. 
Tillage systems affect soil properties. For example, compared with conserva- 
tion tillage, clean tillage results in the decline of soil organic matter content. This 
decline decreases soil aggregate stability and results in the deterioration of soil 
quality (Ramig and Mazurak, 1964). Because a number of factors (e.g. weather, 
incidence of pests and diseases, drainage, etc.) regulate crop growth and yield 
response, tillage may have a positive, negative, or zero effect on crop productiv- 
ity. Thus, when precipitation is adequate and there is adequate soil water, good 
drainage, and adequate available nitrogen, the type of tillage does not influence 
grain yield. On the one hand, increased grain yields in conservation tillage sys- 
tems, particularly no-till, compared with clean tillage, have been obtained in areas 
having limited precipitation and soil water (e.g. Baumhardt et al., 1985). On the 
other hand, conservation tillage resulted in lower crop yields in regions where 
precipitation was adequate-to-excessive, soil temperatures were low, weed con- 
trol was poor, and soil drainage was poor (Hargrove and Hardcastle, 1984). The 
varying performance of tillage practice emphasizes the need to determine the ap- 
propriate tillage system for different agroecological niches and soils when con- 
verting natural vegetation into croplands. In this study, we examine (a)  the effect 
of three tillage systems on some soil properties when land is converted to sorghum 
production after over 50 years of grass vegetation, and (b) the effect of the tillage 
system on sorghum yield (both grain and above-ground biomass). 
2. Materials and methods 
2.1. Field experiment 
The field experiment was conducted on a Pullman clay loam with less than 1 YO 
slope at the experimental farm of the USDA-ARS Conservation and Production 
Research Laboratory at Bushland, Texas (35" 11 '  N, 102" 5' W) ,  in 1993. The 
soil, which is classified as fine, mixed thermic Torrertic Paleustolls, has 392 g 
kg- ' sand, 3 1 6 g kg- ' silt, 292 g kg- ' clay, a cation exchange capacity of 1 8 cmol 
(P+ ) kg-' and an organic carbon content of 12.5 g kg-' at 0-0.15 m depth. The 
experiment had a split-plot design with four replications. No-tillage (NT), pri- 
mary tillage using a moldboard plough (MB), and primary land preparation with 
a sweep tillage implement (SW) were the main plot treatments. Main plot size 
was 13.4 mX 9.1 m. The NT plots were sprayed with Roundup' (glyphosate, N- 
(phosphonomethyl) glycine), in the form of its isopropylamine salt, at the rate 
of 2.3 1 ha- ' to kill the grass. Therefore, the surface of NT plots was not disturbed, 
except for the small disturbance that occurred during sorghum planting with a 
planter having double disk openers. Weed control after the primary tillage oper- 
ation was done by spraying all plots three times with Roundup at the rate of 1.2- 
2.3 1 ha-' during the period from the imposition of treatments to the date of 
sorghum planting. In addition, 2.24 kg ha-' propazine (2-chloro-4,6- 
bis(isopropy1amino)-s-triazine) pre-emergence herbicide was applied to all plots 
after sorghum planting. Sub-plot (9.1 m x 3.7 m )  treatments were (a)  increased 
soil water content at planting by adding 1 14 mm of water (PW+ ), and (b)  ex- 
isting soil water content at planting (PW- ). A buffer zone of 9.1 mx2.7 m sep- 
arated the nonwetted and prewetted sub-plots. A 3.0-m-long turning area was left 
at the end of each plot. 
In the semi-arid regions of the southern Great Plains, a well-adapted cropping 
system is a wheat (Triticum aestiuum L. )-sorghum-fallow rotation. This system 
results in two crops (one wheat and one sorghum) in a 3-year period, with a 
fallow period of about 330 days between harvest and planting of successive crops. 
The tillage treatments were imposed on 22 July 1992, which allowed about 330 
days of fallow for profile water storage and microbial conversion of organic nu- 
trients to inorganic forms prior to planting the sorghum crop in the 1993 crop- 
ping season. 
Soil samples were collected from six sites in each plot on 10 May 1993 before 
the sub-plot treatments were imposed. The samples were coliected from depths 
of 0- 1 5, 1 5-30, 30-50, 50-75, 75- 100, and 100- 125 cm. The samples were ob- 
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tained with 5.7-cm diameter steel tubes and a tractor-mounted coring machine. 
The soil samples from each depth in each plot were composited. Two additional 
soil samples, from two sample extraction tubes, were collected from each tillage 
treatment and kept in a refrigerator for NH: -N and NO< -N determinations. 
Access tubes were installed in all sub-plots to a depth of 1.50 m for determining 
soil water contents and evapotranspiration data with a neutron probe. 
Sorghum hybrid DEKALB 46 was sown at 75 cm row spacing on 15 June 1993, 
using a planter with double disk openers, at a rate to obtain 60 000 plants ha-'. 
Thereafter, soil water content was measured by neutron probe at 10, 29, 54, 6 1, 
68, 75, and 95 days after emergence (DAE) of seedlings. Sorghum heads (pani- 
cles) and stover from areas of 3.75 m x 3.0 m were harvested from each sub-plot 
at 115 DAE. From each sub-plot treatment, a sub-sample of stover was then 
weighed, oven-dried at 60°C, and weighed again to determine moisture content 
and dry weight of the above-ground biomass. Panicles from each sub-plot were 
counted, air-dried, and threshed, and the grain was weighed. 
2.2. Laboratory measurements 
With the exception of the samples kept in the refrigerator, soils from the plots 
were air-dried and ground to pass through a sieve with 2-mm round holes. Dupli- 
cate determinations were made on each sample for pH (soil reaction) on a 1: 1 
soi1:water and a 1 : 1 soi1:O.O 1 M CaC12 suspension. Organic carbon content was 
determined by the modified Walkley-Black procedure (Jackson, 1958). Each re- 
frigerated soil sample was mixed thoroughly and 10 g was used for the extraction 
of exchangeable NHZ -N and NOT -N using 2 M KCI. Exchangeable NHZ -N was 
determined by the indophenol blue procedure (Keeney and Nelson, 1982). Ex- 
changeable NOT -N was determined by the hydrazine reduction method (Kamp- 
shake et al., 1967). Harvest index was calculated as the mass of grain as a per- 
centage of total biomass (grain+stover) harvested from the 3.75 m x 3.0 m area. 
Grain weight was determined by weighing 1000 grains. Samples of grain and stover 
were ground, and total nitrogen content was determined by digestion of a 0.20-g 
sample ( < 40-mesh) in a Folin-Wu digestion tube with 1 .O g of salt-catalyst mix- 
ture ( 100 g K2S04: 10 g CuS0,.5H20: 1 g Se) followed by 5 ml concentrated 
H2S04 (Nelson and Sommers, 1973). Ammonium in the digestate was deter- 
mined using the autoanalyzer procedure described in Technicon Autoanalyzer I1 
(1977). 
The data were statistically analyzed as a split-plot design using the GLM pro- 
cedure of the Statistical Analysis Systems Institute Inc. ( 1989). The least signif- 
icant difference (LSD) test and standard errors (SE) are used to show which 
differences are significant at P< 0.05. 
3. Results and discussion 
3.1. Profile water storage 
Water content in PW - and PW + sub-plots versus days after emergence (DAE) 
are presented in Figs. 1 and 2. Between 22 July 1992 when the treatments were 
Fig. I .  Profile water content (0-1.5 m deep) at seven different days after emergence (DAE) of seed- 
lings for unwetted sub-plots (PW- ). 
Fig. 2. Profile water content (0-1.5 m deep) at seven different days after emergence (DAE) of seed- 
lings for wetted sub-plots (PW + ). 
imposed and 15 June 1993 when sorghum was planted, rainfall totaled 387 mm. 
Precipitation was 252 mm during the 1993 cropping season, which was well be- 
low the 54-year average (Table 1 ). The shortfall in rains occurred mostly during 
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Table I 
Monthly precipitation during the 1993 sorghum growing season and 54-ycar monthly mcans at nush- 
land, Texas 
Table 2  
Sorghum grain and stover yields from three tillage systems and two water treatments 
Month Precipitation 54-year mean 
( m m )  ( m m )  
Grain yield Stover yield 1-larvest 
(Mg h a - ' )  (Mg ha-' ) index 
(%) 
June 6 5 
July 1 0 0  
August 50 
September 14 
October 2 3 
Total 2 5 2  3 0 2  
the critical crop growth and development stages ( i.e. vegetative, flowering, and 
grain-filling) between August and October. During the cropping season the mag- 
nitbde of profile water in the nonwetted sub-plots was of the order NT> SW > MB 
(Fig. 1 ). The profile water content distribution at 95 DAE was similar for SW 
and MB treatments, but the soil under NT contained slightly more water than the 
other two treatments. 
In sub-plots that were wetted before cropping (PW+ ), there were no signifi- 
cant differences in water storage between SW and MB treatments throughout most 
of the growing season (Fig. 2) .  However, the water content in MB was less than 
in SW sub-plots at the first determination. The NT sub-plots contained more water 
than SW and MB sub-plots. The water content distribution was similar in SW 
and MB sub-plots starting at 29 DAE. Differences between treatments at 95 DAE 
were small even though NT sub-plots contained more water. The consistently 
greater amount of stored water in NT than in SW or MB plots was due to reduced 
evaporation and the water conservation effects of the mulch with NT (Phillips, 
1984). Also, surface residues with NT reduced the impact of raindrops and re- 
tarded overland flow, thus enhancing water infiltration. 
3.2. Crop yields 
Sorghum grain yield after tillage (Table 2)  was significantly greater with NT 
than with SW or MB. Grain yield was not different between the water treatments 
with NT because the profile water contents of NT/PW+ were very similar to 
those of NT/PW - throughout the season (see Figs. 1 and 2 ). However, the grain 
yield was greater in PW + than in PW - with either SW or MB because the profile 
water content of SW/PW + sub-plots was significantly higher than that of SW/ 
PW - sub-plots from I0 DAE until 60 DAE. Beyond 60 DAE, water stored in the 
profile was not significantly different between SW/PW + and SW/PW - sub- 
plots. Also, the difference in profile water content of MB/PW + and MB/PW - 
sub-plots throughout the season accounts for the higher grain yield in MB/PW + 
than in MB/PW -. The tillagex water interaction indicates that yields on NT/ 
LSDb 
Tillage 
Water 
Tillage x water 
- -- - - - - - - - 
' SW, sweep; Mb, moldboard; NT, no-tillage; PW, nonwetted sub-plots; PW+, prewetted sub-plots. 
LSD ( P = 0 . 0 5 )  values for tillage and water treatments are for comparison of main effect means; 
LSD values for tillagex water arc for comparison of  interaction means. 
PW + plots and NT/PW - plots were greater than on either SW/PW + and SW/ 
PW- or MB/PW+ and MB/PW- plots, respectively. Similar results, where 
additional stored water resulted in higher grain sorghum yields, have been re- 
ported by Unger ( 1 984). 
In PW- sub-plots, mean grain yield with NT was 4.4 times greater than with 
MB and 2.7 times greater than with SW. In PW+ subplots, the mean grain yield 
with NT was only 1.9 times that with MB and 1.4 times that with SW. This dif- 
ference in magnitude of grain yield of tillage treatments in PW + and PW - sub- 
plots reflects the relative magnitude of the difference in profile water storage in 
the tillage systems. Comparison of the differences between the profile water con- 
tents in Fig. 1 and Fig. 2 clearly shows larger differences between NT, SW, and 
MB in PW- sub-plots (Fig. 1 ) than in the same treatments in PW + sub-plots 
(Fig. 2). Mean stover yield in PW - sub-plots was 1.6 times larger with NT than 
with MB. Harvest index (i.e. mass of grain as a percentage of total yield 
(grain +stover) ) was greater in all PW + sub-plots than in PW - sub-plots. This 
indicates that with the availability of water, more assimilates were converted into 
grains than into stover. When a sorghum crop is drought-stressed, a relatively 
larger proportion of photosynthate goes into stover production. Table 2 indicates 
that stover yields with NT and SW as a result of tillage were greater than those 
with MB. Stover yields in PW+ sub-plots were greater than in PW - sub-plots 
with each tillage treatment. This difference occurs because sorghum crops in PW + 
sub-plots had more water than those in PW- sub-plots, as idicated in Figs. 1 
and 2. The NT/PW- stover yield was greater than either SW/PW- or MB/: 
PW -. However, SW/PW + stover yield was greater than NT/PW+ or MB/' 
PW+. 
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3.3. Soil water extraction and evapotranspiration 
Soil water extraction (SWE) of sorghum as the result of tillage systems and 
water treatments was estimated from soil water measurements made on specific 
days after emergence. The integration of water content versus depth was done 
bring the CSMP ( 1975 ) (Continuous System Modeling Program ) software. The 
SWE increased slowly with all tillage treatments in the PW - and PW + sub-plots 
until a maximum was reached at about 60 DAE (Figs. 3 and 4). Thereafter, SWE 
decreased rapidly as the crop matured and as the rainfall and profile water con- 
tent decreased. In both the PW- and PW+ sub-plots, peak SWE at about 58 
DAE was greatest in NT, followed by SW and MB in that order. Crop had covered 
about 90-100% of the soil surface at 58 DAE. Therefore, we speculate that the 
transpiration component dominated the process of evapotranspiration (ET). The 
pan evaporation from a Class A pan ( 1.83 m diameter, 25 cm deep, elevated 10.2 
cmabove the ground surface) during the growing season (June to October) was 
126 1 mm, giving an estimated potential evapotranspiration (PET) of 982 mm. 
This estimated PET far exceeded the total rainfall (Table 1 ), indicating that water 
was very limiting during the growing season. 
The trend of peak SWE in the order of NT> SW > MB reflects the quantity of 
profile water (Figs. I and 2) .  Between 19 and 58 DAE, there was no difference 
in SWE rate among all tillage treatments. After 58 DAE, the SWE rate for NT 
sorghum was significantly greater than that for SW and MB sorghum. From 19 to 
58 DAE, when there was sufficient moisture in the profile of both PW- and 
PW+ sub-plots, there were no significant differences between SWE rates of 
Fig. 3. Water extraction rate of sorghum grown under three tillage systems in unwelted sub-plots 
(PW-). 
Fig. 4. Water extraction rate of sorghum under three tillage systems in wetted sub-plots (PW+ ). 
sorghum in the SW/PW - and SW/PW + sub-plots. After 58 DAE, when consid- 
erable differences in the profile water content of SW plots occurred (Figs. 1 and 
2), the SWE rate of sorghum in SW/PW + was significantly greater than that in 
SW/PW- sub-plots. In the case of the MB tillage treatment, the SWE rate of 
sorghum in PW + sub-plots was significantly different from that in PW - sub- 
plots from 68 DAE onwards. Because the profile water contents in NT/PW + and 
NT/PW - were similar, there was no difference in the SWE rates of sorghum on 
those treatments throughout the season. Cumulative ET between 10 and 95 DAE 
(Table 3) also shows that PW + sub-plots lost more water through TE than the 
PW - sub-plots, with the exception of the NT treatment. The PW - and PW + 
sub-plots of the NT treatment lost almost the same amount of water through ET. 
The standard errors of the cumulative ET in the PW - sub-plots of SW and MB 
reflect an inherent difficulty in using a neutron moisture meter to measure water 
content in relatively dry soils. The variability decreased considerably in wetter 
soils. 
The relationship between sorghum biomass yield (grain +stover) and water 
used from 29 to 95 DAE is shown in Fig. 5. A linear equation (r2=0.79) was 
fitted to the relationship. Similar linear relationships have been reported in the 
literature (e.g. Ritchie, 1983). As water used for ET increased, above-ground 
biomass also increased. The results for grain yield are not shown, but they in- 
creased by over three-fold when ET increased from 40 mm to 140 mm during 
that period. 
3.4. Total nitrogen in grains and stover 
Protein is the principal nitrogenous component in seeds, and the total nitrogen 
content of sorghum grain differed among tillage treatments. The order of magni- 
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Table 4 
Seed weight and nitrogen concentration of grains and stover from sorghum grown using three tillage 
systems and two water treatments 
Treatmenta , 1000-seed Percent nitrogcn 
weight 
( g )  Grain Stover 
LSDb 
Tillage 
Water 
Tillage x water 
l SW, sweep; MB, moldboard; NT, no-tillage; PW, nonwetred sub-plots; PW+,prcwettcd sub-plots. 
LSD ( P = 0 . 0 5 )  values for tillage and water treatments are for comparison of main effcct means; 
LSD values for tillagex water are for comparison of  interaction means. Fig. 5. Above-ground biomass yield versus water used by a sorghum crop between 29 and 95 DAE. 
Table 3 
Cumulative evapotranspiration of  sorghum under three tillage and two water treatments between I0 
and 95 days after emergence 
plots was not different from those in the PW+ sub-plots (Table 4) .  The grain 
weight for NT/PW - sub-plots was significantly greater than for SW/PW - sub- 
plots. That for NT/PW + sub-plots was also greater than for MB/PW + sub-plots. 
Although grain and stover yields with SW and MB tillage treatments were less 
than with the NT treatment (Table 2) ,  the protein content (as measured by per- 
cent total N )  of grain with MB was greater that than with NT. This accumulation 
of protein in plants under stress has been suggested by crop physiologists to be a 
protective mechanism; the application of proline helped wheat plants to recover 
from drought (Tyankova, 1967). Substantial accumulation of certain amino acids, 
especially proline, has been reported to occur concomitantly with drought stress 
in many plants, and probably relates to decreased protein synthesis resulting from 
that stress (Kessler, 196 1 ). Except in NT, where the protein content (as reflected 
by percent total N)  of grain from PW- sub-plots was greater than that from 
PW+, the protein contents from the water treatments in SW and MB were not 
significantly different. The protein content of grain from MB/PW + sub-plots 
was greater than that of grain from NT/PW + sub-plots. 
As expected, the nitrogen content of stover was less than that of grain. There 
was no difference between the nitrogen contents of stover from the three tillage 
treatments. With the NT, the nitrogen content of stover was greater in PW - than 
in PW+ sub-plots. The nitrogen contents of stover as a result of tillage X water 
interaction were not significantly different among treatments. 
Tillage systema Water treatmenth Evapotranspirpationc 
( m m )  
PW- 
PW+ 
PW- 
PW+ 
PW- 
PW+ 
l SW, sweep; MB, moldborad; NT, no-tillage. 
PW, nonwetted sub-plots; PW +, prcwcttcd sub-plots. 
Mean of  four plots with their standard errors. 
tude of percent N in grain due to tillage treatments was MB > SW > NT (Table 
4). As shown in Figs. 1 and 2, profile water storage with NT was greater than with 
either SW or MB. Our visual observations also confirmed that sorghum plants in 
MB and SW treatments were severely drought-stressed from 50 DAE onwards. 
The reduction of water in the soil profile under MB and SW resulted in a rapid 
decline of photosynthate in the crop from 50 DAE onwards as sorghum in those 
treatments became drought-stressed. 
Based on the 1000-seed weight at harvest, grain from NT plots was heavier 
than that from SW plots. The 1000-seed weight of sorghum from the PW - sub- 
3.5. Soil pH 
Trends of soil pH in water (Fig. 6 )  were similar in all tillage treatments. The 
pH ranged from 7.1 at a depth of 0-10 cm to 8.0 at about 60-90 cm, indicating 
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Fig. 6. pH in water for soil under three tillage systems before sub-plot treatments were imposed. 
the presence of calcium carbonate in the soil profile. Soil pH increases with depth 
in Pullman soil are common (Unger and Pringle, 1981 ). Soil pH decreased to 
7.7 at depths greater than 100 cm. The soil pH at depths from 0 to 22.5 cm in the 
three tillage treatments ranged from 7.1 to 7.5. The pH of soil in the MB treat- 
ment was higher than that of soil in either SW or NT. The pH range of 7.1-7.5 
favours nutrient availability and therefore no nutrient deficiency symptoms were 
observed on the sorghum crop in any of the tillage treatments. Below a depth of 
22.5 cm, the soil pH in the three tillage treatments ranged from 7.5 to 8.0, indi- 
cating the presence of free lime in the profile. At this pH range the availability of 
phosphorus, manganese, and zinc may be low. However, visual observation did 
not indicate any P, Mn, or Zn deficiency symptoms in the sorghum in any of the 
tillage treatments. The variation in pH, as indicated by the standard error bars in 
Fig. 6, was larger at a depth of 0-1 5 cm in the MB treatment than for other depths, 
where the standard errors were too small to appear in the figure. It was expected 
that the soil pH under NT would be acidic because of the lack of mixing, which 
has been reported to increase the acidity of surface soil in no-tillage systems, par- 
ticularly if fertilizers are used (Blevins et al., 1985). Our experiment did not 
show such increases in acidity, probably because of the short duration of the ex- 
periment and the absence of fertilizer application. 
3.6. Organic carbon 
The organic carbon contents of the soil profiles under the three tillage systems 
were similar at depths greater than 15 cm (Fig. 7). At a depth of 0-1 5 cm, how- 
ever, the organic carbon content with NT ( 14.0 g kg- ' ) was larger than that with 
Fig. 7, Organic carbon content of soil under three tillage systems before planting. 
SW ( 12.1 g kg- ) or MB ( 12.5 g kg-' ). These organic carbon content values are 
within the range of 9-38 g kg- ' normally found in Mollisols. The greater surface 
soil organic carbon content in the NT system is ascribed to the established fact 
that ploughing increases the rate of organic matter loss from soils (Blevins et al., 
1985). The consequence of this loss of organic matter in SW and MB treatments 
is that soil aggregate stability declines, resulting in a tendency of the soil to slake 
upon wetting and crust when dry. In the long term, the increase in surface soil 
organic carbon content in NT systems will stimulate changes in the biological and 
physical processes occurring in soil. 
Then  was a greater variation in the organic carbon content of the surface soil, 
as shown by the standard error bars in Fig. 7, than for soil at depths greater than 
30 cm. The variation in the organic carbon content of the surface soil was due to 
uneven mixing of organic matter during tillage in SW and MB plots. In the case 
of NT, the variability of the organic carbon content was because of the variation 
in space of the distribution of herbage (residue), and the decomposition and in- 
corporation of this residue in the soil. The variation in organic carbon content in 
the surface soil was larger for both MB and NT than for SW. 
3.7. Soil nitrate and exchangeable ammonium 
The NOT -N contents in soil as a result of the tillage treatments (Fig. 8 )  indi- 
cate that moldboard ploughing increases the NO< -N, particularly in the surface 
0-1 5 cm, probably because of increased mineralization. The order of magnitude 
of NO< -N in the soil profile under the three tillage systems was MB> SW > NT. 
The total NO;. -N in the soil profile to a depth of 125 cm in MB was estimated 
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Fig. 8. NOT-N concentration distribution in soil under three tillage systems before sub-plot treat- 
ments were imposed. 
Fig. 9. NHS-N distribution in the soil profile under three tillage systems before sub-plot treatments 
were imposed. 
from Fig. 8 to be 23.6 20.34 kg ha-', followed by SW with 18.8 2 2.02 kg ha-' 
and NT with 16.1 f 1.69 kg ha- I .  These NO< -N values are within the range of 
those obtained by Eck and Jones ( 1992) for this soil. Nitrogen sufficiency values 
for grain sorghum at fruiting growth stage are < 2.5% N as deficient, 2.5-3.0% N 
as low, 3.0-4.0% N as normal, and > 4.0% N as high (Lockman, 1972). Using a 
mean bulk density of 1.32 Mg m-3 for all soil down to 1.25 m, these NO?-N 
sufficiency limits correspond to < 4.1 3 X 10' kg N ha- ' as deficient, 4.13 x 1 05 to 
4.96 x 10' kg N ha- ' as low, 4.96 x 1 05 to 6.62 x 10' kg N ha- as normal, and 
> 6.62 x 10' kg N ha- ' as high. Using these criteria and the percentage values of 
nitrogen in grains and stover (Table 4), the soil under all the tillage treatments 
was considered to be deficient in NOT -N. However, nitrogen deficiency symp- 
toms were not observed with the sorghum crop during the season. The reason for 
lower NOT-N in the NT treatment is not clear. Although leaching may be in- 
volved (Eck and Jones, 1992 ), transformation of soil N by micro-organisms may 
also have been a factor. Since the rate of organic matter decomposition is nor- 
mally increased by ploughing (Blevins et al., 1985), the conversion of organic N 
to plant available inorganic N should be slower in the NT treatment. The facts 
that (a )  rainfall during the cropping season was low (Table 1 ), and (b)  at no 
time during the season (Figs. 1 and 2 )  was the soil profile under any of the treat- 
ments saturated lead us to conclude that the lower concentrations of NO< -N in 
the NT soils may have been the result of decreased N mineralization rate rather 
than to leaching. Indirect evidence from other studies (e.g. Burford et a]., 198 1 ) 
supports this conclusion. 
Except at a depth of 30-50 cm for the SW treatment, the distribution of ex- 
changeable NHZ -N in the soil profile under the three tillage systems (Fig. 9 )  did 
not show any significant differences. Fig. 9 shows that the NHZ -N at a soil depth 
of 0-1 25 cm was 30.1 2 8.7 1 kg N ha-' for MB, 38.5 2 10.69 kg N ha-' for SW, 
and 26.8 2 4.62 kg N ha- ' for NT tillage systems. Addition of these NHZ -N es- 
timates to the NOT -N figures still indicated that these soils were deficient in N 
when compared with the N sufficiency values of Lockman ( 1972). The absence 
of visual N deficiency symptoms on the sorghum crop on the tillage systems may 
be because of the soil's larger total N pool, which releases sufficient quantities of 
N for crop growth during the season. Further are necessary studies on mineraliza- 
tion and availability of N to sorghum on this soil. The variability associated with 
the exchangeable NHZ -N measurements, as indicated by the standard error bars 
in Fig. 9, is large and probably indicates the spatial variability of this soil property. 
4. Conclusions 
Virgin lands and revegetated lands will continue to be converted to croplands 
in the future to increase food production. Because it is a major input, and impacts 
soil properties and sustainable agricultural production, selection of appropriate 
tillage systems for any agroecological region is imperative. From this study, we 
found that more water was stored in the soil profile with NT than with SW and 
MB tillage systems. This stored water, in turn, resulted in both sorghum grain 
and stover yield increases with NT as compared with MB and SW. However, the 
percent nitrogen was higher for MB and SW than for NT sorghum. 
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The greater soil organic carbon content of NT as compared with other treat- 
ment plots has important implications for the biological, chemical, and physical 
processes that continually occur in the soil under NT. In the long term, greater 
drganic carbon content should improve the soil structure and maintain at a greater 
level the population and activities of soil fauna (Blevins et al., 1985; Hendrix et 
al., 1990). Based on this study, we conclude that NT is the better choice of the 
three tillage systems for converting revegetated lands to cropland in locations 
where soil water is limiting. 
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